Abstract-Recent telecommunication systems exploit the degrees of freedom of the radio propagation channel more and more. Deeper investigations of system performance require realistic channel models. For this purpose, a new MIMO UWB channel sounder is introduced. The novelty is its capacity to estimate simultaneously direction of arrival and departure in 3D, including polarization state information. The second novelty is a modified SIC algorithm which speeds up the search of the multipath properties of the propagation channel. An extensive measurement campaign is performed in different residential environments and statistical results are provided.
systems will use more and more antennas. Thus, they will be able to exploit simultaneously most of the degrees of freedom of the radio channel. A comprehensive characterization of the radio channel is therefore required to enhance existing propagation channel models. This paper investigates the different dimensions of the static channel simultaneously: complex amplitude, delay, frequency, 3D direction and polarization. In this context, an original UWB-MIMO channel sounder was realized. Its novelty consists in its ability to estimate simultaneously direction of arrival and departure in 3D, including polarization state information. The second novelty is a new and faster algorithm to estimate the multipath properties of the propagation channel. All these results were used experimentally to provide new statistical results of space-time parameters of the propagation channel.
The paper is divided as follows. In Section II, a new UWB channel sounder is introduced. Section III proposes a new methodology to extract deterministic and diffuse multipath components. An extensive measurement campaign in three residential environments is detailed in Section IV, in which different examples are provided. The last section is dedicated to the statistical analysis, followed by the conclusion.
II. THE UWB CHANNEL SOUNDER
Experimental investigation of UWB indoor propagation channel requires a channel sounder. An overview of measurement setups is provided in [8] and [9] . In most cases, a vector network analyzer (VNA) is used due to ease of implementation. However, this solution is limited to static configurations. Dynamic channel measurements require dedicated equipment. MIMO measurements are a bit more complex because several links have to be measured at the same time. One solution involves several receivers and orthogonal signals at the transmitter. Switching antennas at the receiver and/or at the transmitter is an alternative to the purely parallel structure. This solution requires a perfect synchronization between the transmitter (TX) and the receiver (RX). However, it also significantly reduces the cost and complexity of the channel sounder and makes it possible to have many antennas. If the overall duration is short enough, the measurements can be considered real-time measurements. Otherwise, the channel environment has to be static. A practical implementation, combining parallel receivers and switching transmitters, is provided in [10] .
In this study, the UWB MIMO channel sounder investigates spatial and polarization domains simultaneously. The frequency bandwidth was set between 2.5 and 12.5 GHz. For the sake of clarity, the main features of the equipment, already introduced in [11] , [12] , are reported here. An overview of the equipment 0018-926X © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and picture of the system are depicted in Figs. 1 and 2, respectively. The channel transfer function is estimated using a VNA, which imposes a static environment during measurements. The antennas are identical at the transmitter and the receiver. They combine a virtual circular array and a 5-element array. Such an architecture enables us to electronically beamform in any direction with an arbitrary polarization [13] . All the equipment was piloted by a laptop using Matlab™. High resolution methods require accurate knowledge of the antenna characteristics. A procedure was set up to characterize antenna arrays in an anechoic chamber. The setup is very simple and has the benefit of using the rotation system of the array. The whole procedure is detailed in [12] .
III. CHANNEL ESTIMATION PARAMETERS

A. High-Resolution Algorithm
The aim of high-resolution methods is to estimate the parameters of the model accurately by considering a priori knowledge about the channel. The most common channel model is described by a set of discrete paths. In practice, the radio channel also includes diffuse multipath components which can reduce accuracy. In indoor environments, the ratio of the diffuse multipath components ranges from 10 to 30% in line of sight (LOS) [14] , [15] and can reach 90% in non-line of sight (NLOS) [16] .
The MUSIC [17] , ESPRIT [18] , CLEAN [19] and SIC algorithms are the best-known high-resolution methods. The successive interference cancelation (SIC) method is a vectorial extension of the CLEAN method. It was detailed in [20] and successfully applied in multi-dimension configurations.
Accuracy of these previous methods can be improved by the SAGE algorithm [21] . This well-known maximum likelihood method iteratively re-estimates each path parameter, considering the other paths to be perfectly known. The solution is improved after each step.
B. The SIC SVD Algorithm
There is no constraint on the shape of the antenna array when using the SIC algorithm. However, above a certain number of dimensions, simultaneous search in different dimensions is no longer applicable. An improved version of the SIC algorithm is proposed here to deal with the large amount of data provided by this channel sounder.
The proposed algorithm is close to the one described in [20] but is different in 2 points : joint estimate of angles using SVD and refinement of excess delay and gain using SISO link. The basic idea is to exploit the strong relationship between the physical properties of paths and the subspace channel radiation pattern introduced in [22] . Indeed, main beams aim approximately in the physical direction of one path. The algorithm is detailed in Fig. 3 . The first stage is to find the excess delay of the main path using the power delay profile (PDP). Then, the singular value decomposition (SVD) is applied to the MIMO channel at this delay. It provides the far field associated with the first singular value and enables a rough 3D detection of the direction of departure and arrival of a potential path.
Due to the limited resolution of the system, several paths can always be mixed in a path (especially in a high scattering environment, e.g., indoor). The TX antenna array is aimed toward , i.e., the 3D direction of the strongest path found at the TX. Then, the strongest path is estimated at the RX. The same procedure is applied on the reverse link. The strongest path is kept and the characteristics are refined . Then, the MIMO link is transformed into a SISO link by aiming each array in the optimal direction. This reduces complexity and facilitates the refinement of the attenuation (2 2) and the delay parameters.
If the amplitude is not high enough, the path is dropped and this excess delay will no longer be scanned. Otherwise, the wideband path contribution is computed and removed from MIMO input data. The procedure is repeated until there is no longer excess delay available.
C. Diffuse Multipath Components Modeling
The SIC-SVD algorithm provides a discrete representation of the radio channel. However, the residual between the measurement and the model is not equal to zero. It is generally called the diffuse multipath components and has to be modeled. These components can have a major impact on channel capacity. Reference [23] proposes a global modeling mixing specular components and omnidirectional diffuse components. In [16] , authors introduce another model taking into account polarization and different clusters. In this case, we proposed to use a stochastic process to generate a 3D and non-uniform distribution of diffuse multipath components. The diffuse multipath components were generated using a 3D extension of MIMO model [4] .
D. Model Validation
The two previous sections detailed how to extract the channel parameters of the model, the specular components and the diffuse multipath components. Then, the channel model can be generated by the sum of these two basic propagation channel models. Different simulations were performed to validate this approach. According to the experimental setup, the MIMO configuration was set to 180 180 with 500 MHz bandwidth.
The first example considered a channel with 20 paths discrete channel model. The path delays were arbitrary distributed within 10 ns delay. The direction of departure, the direction of arrival and the polarization of each ray were chosen arbitrary. Noise was applied to reach a 20 dB signal to noise ratio. The SIC-SVD algorithm was applied. In this simple multipath configuration, a good agreement between model and estimate is found. Direction of arrival and departure resolution is better than a degree and amplitude accuracy is better than 0.5 dB. The channel capacity was computed and the result is the same with the channel model and its estimate with SIC-SVD.
The second example is more realistic. Two components with identical power level are mixed: a discrete part and diffuse multipath components. The specular part is composed of 3 paths. Two of them are located at the same delay. The diffuse part is spread in delay and in angular domain. According to experimental results [23] , an exponential and a von Mises-Fisher distribution were used in delay and angular domain respectively. This DOA-DOD configuration is recapped in Fig. 4 . The three crosses represent the locations of the deterministic paths. The color enables pairing between transmitter and receiver.
The estimate of the discrete paths (SIC-SVD) and diffuse multipath components is depicted in Fig. 5 . The deterministic part is estimated with the same accuracy as the previous example. The two diffuse components are found at the right place. The spread are similar but the shape is not exactly the same as the model. Due to the random process, each simulation leads to a different results but the general shape is the same.
To quantify the accuracy of this model, the channel capacity was computed. The water filling capacity was performed considering the whole 180 180 antenna array. The result is depicted in Fig. 6 . It shows that the lack of diffuse multipath components leads to underestimate the channel capacity. Contrariwise, simple uniform distribution channel model overestimates the channel capacity. Taking into account non-uniform diffuse multipath components provides approximately the same capacity. This channel decomposition will be used in next section to analyze MIMO channel measurements.
IV. PROPAGATION MEASUREMENTS
A. Measurement Setup
Propagation measurements were carried out with the channel sounder presented in Section II. Thus, the obtained data aim to provide new statistical results to improve existing channel models. Due to the massive deployment of personal telecommunication systems, we focused on residential environments. The frequency bandwidth was set between 2.5 and 12.5 GHz. This includes the whole allocated bandwidth of UWB systems. The TX and RX antenna system of the virtual array was placed in 60 locations along a circle. Only three of the five antennas were used to reduce the measurement duration. This configuration is equivalent to a 180 180 MIMO transmission and required about 4 hours to be captured. To avoid variability, measurements were performed without people in the buildings, i.e., during the night or the weekend.
B. Measurement Description
For the current study, 32 measurement locations were investigated, representing more than 1 million channel impulse responses, 30 GB of raw data and 130 hours of actual measurements. To facilitate the reuse of such data, each environment was modeled in 3D. A panoramic picture was shot at each measurement location, which provides an accurate view of the environment during measurement. This makes it possible to superimpose the direction of the arrival/departure results on the panoramic pictures, which is very convenient in analyzing spatial spreading as explained in [24] . Such an approach was first used in [25] to analyze double directional outdoor measurements. The following sections detail the three different environments.
1) Meeting Room: Because of its simplicity, the meeting room environment was used to validate the channel sounder. This room (10.6 m 6.8 m) is furnished mainly with a long table surrounded by chairs. The TX and RX face each other, with one at each end of the table.
2) Apartment: This residential apartment is located inside the Orange Labs premises. It represents a typical French apartment and was designed according to the results of an extensive statistical study. This furnished apartment consists of two bedrooms, a kitchen, an office and a large living room. Thirteen different transmitter locations were investigated. The whole setup is depicted in Fig. 8 .
3) Residential House: It is also important to characterize the residential house environment. Moreover, statistical data collected in this type of configuration are not often reported in the literature. Measurements were performed in a house built in the 1970s. The inner walls are made of brick and weight-bearing walls are made of concrete. The receiver was set on the first floor and the transmitter was placed in various locations on each floor. This made it possible to investigate radio links between floors, which is not so frequent in the literature. The description of the environment and the 14 measurement locations are reported in 
C. Measurement Examples
Such measurements contain a large amount of information. To present some examples, the most important parameters were gathered on a single page. Some explanations are useful to benefit of the full information. The configuration of the measurement is given on in the top right of the figure. Significant parameters are provided such as TX-RX distance, link condition, excess delay spread and angular spread at TX and RX. These angular spread parameters are computed in 3D according to [26] . This explains that these parameters have no unit.
The figure a) represents the power delay profile, which is computed by averaging the 180 180 instantaneous channel impulse responses. The vertical red line indicates the specific excess delay values used to analyze the direction of departure and arrival. The figure b) represents four examples of spatial distribution of power at the transmitter and the receiver. The results are superimposed on the panoramic picture at the transmitter and receiver. The geometrical direction of the transmitter/ receiver is also indicated, which is very convenient in NLOS sit-uation. The figure c) presents the average over all the excess delay values. At last, the figure d) shows the main discrete components obtained from the SIC SVD algorithm. The color circle enables pairing TX and RX paths.
1) LOS Scenario:
This measurement was performed in LOS situation in the meeting room. The whole results are provided in Fig. 11 . As expected, the LOS path is the strongest one and comes from the opposite antenna. Several reflections are visible especially one from a metallic whiteboard (the other coming from walls). Even in LOS situation, the average power spatial distribution highlights diffuse phenomena around main paths.
2) NLOS Scenario With TX and RX on the Same Floor: This second example was performed in NLOS situation in house environment. The whole results are provided in Fig. 12 . The LOS path does not appear on the power delay profile. The strongest path comes from diffraction on the metallic door frame. In fact, most of paths come from frame of the opened door. This clearly appears on the average power spatial distribution where the shape of the power is similar with the shape of the door. The second contribution comes from wall reflection.
3) NLOS Scenario With TX and RX on Different Floor:
This last example was performed between floors. The whole results are provided in Fig. 13 . The analysis at the first delay confirms that this path corresponds to the direct path. Indeed, the LOS direction fit to the TX-RX direction. The other delay examples present more paths and spatial spreading, even if they are at a local maximum of the power delay profile. In fact, electromagnetic waves experience much more complex mechanism which explains the increase of the scattering components. Nevertheless, main power comes approximately from the LOS direction.
V. STATISTICAL RESULTS
A. Path Loss
Statistical path loss channel models are very convenient to evaluate the system link budget without any geographical data base. A wide set of models are available in the literature. Most of them are dedicated to the single frequency band. This study focuses on frequency dependence, especially when the transmission link involves several floors.
The path loss can be modeled statistically by (1) . The distance and frequency are each taken into account with a power exponent parameter The frequency dependence of the path loss depends on the physical properties of the environment. It also depends on the type of interaction. For instance, the analytical expression of the diffraction attenuation involves the frequency parameter [27] . The antenna pattern can also modify the path loss when the frequency changes [28] . To estimate the parameter in the different indoor environments, the path loss was estimated for each frequency by averaging over the different MIMO links. The antenna effects were minimized by removing the antenna gain of the LOS at each frequency.
The basic frequency dependence was also removed from the measurements. It should be noted that the value represented approximately the variation in dB between 3 and 10 GHz of the remaining attenuation. The values in the house and apartment environments are depicted in Fig. 9 . The meeting room configuration, which is not reported, is similar to the apartment configuration.
In the apartment environment, the parameter value is 1.1, which is consistent with the IEEE 802.15.4a channel model [3] . In the house environment, the value is higher. It increases from 4.3 when the TX and RX are on the same floor, to 11.9 when they are on different floors. This increase relies on the properties of the building materials, whose losses increase with frequency, especially the concrete slabs [29] .
B. Delay Spreading
The delay dispersion parameter is important for wideband channel models. For one location, the power delay profile (PDP) is computed with the 180 180 MIMO channel impulse responses. The delay spread value is deduced from the PDP using a 30 dB dynamic range. A median value was deduced at different central frequencies and using all measurement locations available in each environment. Measurement results in an anechoic chamber were also performed to get reference values. In the house environment, the results on the different floors were mixed because results were similar. The results are depicted in Fig. 10 .
A linear decrease of the delay spread can be observed. The same trend with frequency bands was reported in [30] , [31] . In our experiment, the slope of the delay spread parameter was estimated at % per GHz. For a single location, the frequency correlation is very high. In the apartment and house environments, with 4 GHz spacing, the values are 93% and 87%, respectively. Other values of frequency spacing are available in Table I . It is also interesting to analyze the delay spread value of the specular multipath components, the diffuse multipath components and the whole channel. The delay spread values of each component versus the delay spread of the whole channel are depicted in Fig. 14 . The delay spread values of the diffuse multipath components is always higher but remains close to the channel delay spread value. The delay spread value of the specular components is always lower than the channel delay spread value. However the dispersion can be very high, especially in NLOS situation.
From one location to another, the delay spread can change a great deal. Its value depends on the amplitude of the direct path versus the power of the multipath components. The path loss of the direct path is mainly due to transmission through walls and concrete slabs. If the multipath components are assumed constant in power whatever the location, the delay spread should be correlated with the path loss. The behavior is confirmed in Fig. 15 , especially in the apartment environment. On the same floor in the house environment, the trend seems to be the same, but there are not enough measurements to conclude. In the case of measurement on different floors, the direct path is highly attenuated by concrete slab transmission. Thus, just the multipath components remains and the correlation no longer exists. 
C. Spatial Spreading
Spatial spreading is the key parameter in the double-directional channel model. Many statistical results are available in 2D in the azimuth plane [32] . However, results in the elevation plane or at different frequencies are rare. This experiment makes it possible to provide such information.
The CLEAN algorithm was run on channel impulse responses with a limited bandwidth of 500 MHz. Each delay of the channel impulse response was analyzed and DOA/DOD (multipath or diffuse) were deduced. The angular spread was computed by averaging DOA/DOD over excess delay. This analysis was repeated at each GHz. For each location, azimuth and elevation spread were computed at TX and RX. The results at different frequencies and for the various configurations are depicted in Figs. 16 and 17 . The DOA and DOD values are different but the trend is the same. The higher the frequency, the lower the azimuth spread and elevation spread. In an outdoor cellular configuration, the base station is located on the building roof top and the mobile users are usually at street level. Thus, the surrounding environment of the RX and TX are different, as is the spatial spreading. In an indoor-to-indoor configuration, the base station or the mobile user operates in a similar environment. So, it makes sense to mix spatial spreading parameters at TX and RX, especially when the number of measurement location is small. The linear regression results are also reported on both figures. It is interesting to notice that the decrease is exactly the same for azimuth and elevation: % per GHz. The frequency correlation parameter is very high especially in the house environment. Values for different frequency spacing are presented in Table I .
Angular spread values of the specular and diffused components were also investigated using the same methodology as the delay spread. The results of azimuth spread are depicted in Fig. 18 . The elevation spread values are not reported because the behavior is the similar. The trend is close to the delay spread results. However, on a limited number of measurements, the angular spread of the specular component can be higher than that of the measured channel. 
D. Multipath Components
The power proportion of specular vs diffuse component was computed for each location and at each frequency. This parameter changes a little versus frequency (3% of standard deviation) but no significant correlation was found. In LOS condition, the specular component carries half of the total power. In NLOS with link at the same floor, the specular component carries only 32% and 30% respectively for apartment and house environment. It is only 13% when the radio link is between different floors. In indoor configuration, the diffuse multipath components can be important compared to the specular components. The power ratio, between the specular components and the whole components, was computed for each location and at each frequency. This parameter change a little versus frequency (3% of standard deviation) but no significant correlation was found. In LOS condition, only half of the power comes from specular components. This power ratio decreases in NLOS condition, to 32% and 30% respectively for apartment and house environment with link at the same floor, and 13% with link between different floors.
For each specular path of the channel impulse response, the 2 2 gain is available. It makes it possible to estimate XPD of specular components. Vertical or horizontal polarized transmission can be considered. These two parameters were computed for each location and at each frequency using the following:
The results in different environments are reported in Table II . When the TX and RX are located on the same floor, the XPD value is quite similar whatever the polarization used at the transmitter. The XPD is about 20 dB in LOS condition and decreases in NLOS condition. It remains greater than 13 dB in average. When the TX and RX are not located on the same floor, the average in much lower than . This means that transmissions in horizontal polarization are much depolarized after crossing the floor. Due to the limited number of points, this trend should be confirmed by other experimentations.
VI. CONCLUSION
A UWB MIMO channel sounder and an improved SIC algorithm were introduced. They make it possible to extract all the characteristics of the UWB static channel: path gain (including polarization state information), path excess delay, and 3D path directions at both the transmitter and the receiver. Measurement campaigns were performed in different residential areas. Examples were detailed to highlight indoor propagation mechanisms. This statistical analysis in residential configuration provided new results. The higher the frequency, the lower the channel spreading parameter values:
% per GHz for delay spread and % for azimuth and elevation spread. A significant correlation between path loss and delay spread was highlighted when transmitter and receiver are located on the same floor. A path loss model, including frequency dependence, was also proposed. These results will help to refine existing UWB MIMO channel models in residential environments. Future work will focus on outdoor-to-indoor link configurations.
